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A13STRACrl’

1,1~51 Nl; is a very young  protostar  (Class 1 or pcxllaps  Class O), located very

close to lJI 551 -11(S5. It is the second brightest far-infrared source ill the ‘1’aurus

l~lolccular  cloud  complex, but its proxilllity  to the brig} ltest  source  11C35  has prc-

vcvlkd cffcctivc observatio]ls  of any  lnolecular  outflow. WC here prcse]lt evidence

that it dots inclccd  possess all outflow, that the optical /ill frarcd reflection nebula

is associated with the blue-shifted outflow lol)e, alld  that t,hc L1551W outflow

does not originate froln  1,1551NE as has been  suggested.



1$ In t roduct ion

l,ow’-lnass prwtostars  and young stellar objects tan be classified according to their near-

to far-illfrarcd  properties as Class I, 11, or 111 (I,ada 1 !)87).  Class 1 sources Ilavc risirlg  spectral

ellerg.y distributions (SltI)s)  between 2 alld 25prn~ Class 11 ha,vc substallt,ial  infrared excmses

but slowly falling S111)s lollgward  of 2p7n, aIld Class III  arc llt’arly stel lar  ill t,lleir SEDS.

These  diflera~ccs are believed to reflect t]lcir  evoluliollary  status, rallgillg  froln tile youllg

Class  1 which are clnbedded stars cocooned  by a dust cI]vclopc,  through  Class 111 wllicll are

optically visible alld  have little obscuring dust.

More recmltly a fourth class has km suggested, Class O, \rhose sources IIave steeply

risillg  S1’;1)s  ill tile Inicl-  t o  far-i  ]lfrared, aIld w’llicl]  a r e  I]ot t’isil)le  at wavclcnlgtlls  sllorkr

thal]  WI 0/17//. ~’hese are believed to be the youngest protostcllar  objects, wllm-e  t}le bulk of

t,lle f i l ls]  Inass  ~)a,s IIOL yet fiI1is]lcd  accreti]lg onto  t]]t: protostar  (:~lldr~,  ~~ard-1’hoInpsoI1  &

1 ]arsoll  y 1 993).’ l’cw’ Class O sources are yet lulown. 13arsoI]y  (19!)-1) lists fourteen, illcluclillg

11335, VI.A] 623, allcl L] 527 anlo]lg  the better kIlowJl (Eiroa et a.1 1994). A study of Class O

sources  call reveal collditio]ls  ill the cloud just, after the illitial collapse of the core.

I,1551NI;  (131950 4~28m50.5’  +18 °02’10”  (Dra])er, \JTarrcll-S1nith  & Scarrwtt 1985)) is

a youllg  stellar object ill t}le 1,1551 molecular cloud, at a distallcc of 160 pc (SIIell 1981).

Discovcrcd  by IJmersoll  et al (1 984) from II{AS data, it is the second brightest embedded

source in the Taurus coInplcx,  with L~O[ N 6L@ (Eh]lerson  et al 1984). (1.1551 -11{S5 is the

brightest, at L~O1 N 28L@ (Butncr  et al 1991)). The ?5/60pTn  colourofL1551 NE is very red,

inlplying  that it is younger than ‘1’ ~auri stars (rl)anlura  et al 1991; Moriarty  -schieven et al

1994), and is vmy  llcavily  clnbeclded.  Despite its relatively la,rgc lulni]losity  it was oIIly barely

dctectabk  by 11{.AS  at  12pm, a]ld is extelldcd  coln]~ared  to poil]t  wurccs at 2.2 pm, (froln

1{-bmld ililages  prmc]lted  by ]Iodapp (1994)). ‘l)he radial density  distributio]l  of  1,1551NI!

Ilas Lcxvl  IIlodelled  by Ilarso]ly  ,~ CllaIIdlcr  (1993) froIi] 800~/))/  ill)agcs,  and b y  13ut11er  ct



al (1 994) fro I[l 1 00~~771 and 200p” Tn obscrvatio IIs. IIotll  found  (Jll;it  tllc  dcllsity  dist,ributioll

was ]nuc.1)  s h a l l o w e r  t,harl tl]e 7/(7-) N r–1”5 l)rerlicktl  by tile “ills idcout” collapse  nlodcl  of

I’crebeyj  Shu & Cassml  (19S4). T’his shallow distril~utioll  is sir[lilar  to Class O sources like

1,1527 (Ilutlleret al 1994) arid VI,A 1623 (AIldrdct al 1993).  TIIese  sirllilariticsto  Class O

objects suggest that, rather than a traditional Class I object (Ilarsony  & Chandler 1993),

].1 551 N]]  ]Ilay be either Class O or a trallsition  stagt bctwcml  tl)c two classes.

Wllatevcr its classificatioll,  I,1551NE  is all inll)ortant,  object  to s tudy because of  its

proxilnity  a]ld lulnillosity.  It is also imPort,allt  to know what ot}lcr as~)ects of tile  star fornla-

tioll  process 1,1551 NE exhibits. For example, does 1,1551 ATI: possess a molecular outflow?

As yet, o]lly circulnstarltial  evide]lce  for all outflow IIas km] presented. A cometary reflec-

tioll ]Icbula  was idclltified  by ]Iraper,  W’arrcl]-Snlitll  &, Scarrott  ( 1985), w}lose p o l a r i z a t i o n

vectors illlply  rcflcctioll  of a source at the position of L1 551 N];, located at tile  apex of the

IICbLlla  (see ](’igure ] ). Such co]nctary  Ilebulae  are frcqucllt]y  associated with lnolccular  out-

flows (rl’alnura  ct al 1991; Moriarty  -ScllieveIl et al 1992; Ilodap])  1994). ‘1’wo IIerbig-IIaro

objects, wllicll  arc usually assoc. ia,ted with higll-speed protostcllar  jets, have  beell  attributed

to 1,1551NlI; (Grallalll  & IIeyer 1990). Fina]ly,  1,1551 NE has bcell suggestcxl  as the origin of

the 1,1551 W outflow (Moriarty  -Schievell  & \J’allnier  1991; PouTld  & Ilally 1991 ).

The extreme proximity of 1,1551 NE to the much brighter, better studied, and bet-

ter k]lowIl 1,1551 -11{,S5 (a mcr-e 0.4’ south a]ld 2,4’ west of L15,51Nll)  places it within the

red-shifted outflow lobe  of the 1 RS5  outflow (l~igure  1). This has prevented a positive iden-

tification of a molecular outflow to date. Moriarty- Schievcn  et al (1 992) have found that

searches using C() J =3-2 emissiorl  qre far more SU[ cessful  at filldillg  outflows than those

using CO J=] -O, either because of the smaller beamsizc  of the lligllcr  frequency observations

aud consequent lCSS kam dilution, or because the warm and perhaps optically thin emission

in tllc wind  is IIlorc  illtellsc  at the Iligller  t ransi t ion making idcllt,  ificatlioll  cmsicr. I“or this

rcaso]l,  wc CI1OOSC to lnap the CO 3-2 clrlissiol~  ill t,hc vicillity of 1,1 L51 NF,. Wc report below
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direct cvidcxlce  for a molecular oulJlow  frOIII 1,1551N11.

2. O b s e r v a t i o n s

‘1’llc obscrvatiolls  describec]  in this note  were olJtaillcd  5 %ptcnlber  1994 at tile  James

Clerk Nlaxwcll  ‘1’cdescopc  (J CM’1’)2,  which was equipped with a 300-3S0 Gllz cooled S1S

receiver, tuned to 345.796 GIIz ill  tile  upper sideband. The l.wa]nsize (l~WIIIV1) is w14°. ‘1’l)e

backend  was the DAS digital autocorrelator  spectrollleter  operati  ]ig at 250 M]lz balldwidth,

with chanllcl spacing of 156 kIIz, or 1S9 kIIz resolution (0.16 krn S-l).

I’OCUS was c h e c k e d  at intervals  thrcm,gl)out  th(: night , aIId ]JoiTltiIlg  was checkeci o n

],1 551 -11{S5 ilnlllcxliatc]y  before and after lna])Inakillg.  Tile telcscopc  output was calibrated

to the T; tcmpcra,ture scale using both a hot (aml)ient  ternpcrature)  and cold load. The

typical syste]n  tcnlpcr-ature  encountered was N] 500 K (double sidcbancl).  We integrated for

720 seconds (on+ref) at the central position  of 1,15fjl NE, and for 120 seconds for all other

poillts,  using a reference position located S00” cast and 800” soutl]  of I,1551Nl~ (placing it

outside of the 1,1551 lllolecular cloud (Moriarty -Schicven  & S]]ell 19S8)). Spectra in the map

were spaced every 15“.

A single  spectruln  of CO J=3-2 was obtained toward II{C+-1  0216, ill order to compare

with “standard” archival spectra to correct to a stalldard  JCh{rl’  ?; telnperature  scale. l’he

assumed integrated intensity (over the intelval  -50 to +5 kln s- 1 ) was fT~ = 407 K km

s- 1. g’hc data were multiplied by this correction factor. All displayed maps and spectra usc

this norlnalized telnperature  scale.  A. further correction for tile  lna,ill  beam efficiency (Tlnb ==

22’he JCMT is operatccl  by the Royal Ot.)servatory  Edinburgh 011 behalf of the Particle

Physics  allcl  Astrollolny  Research Coullcil  of the U1lited  Killgdo]ll,  tllc  Net}lcrlands  Orgalli-

zatio]i  for ScicIltific  l{esearch,  and tile National lt.cs~,arch Cou]lcil  of  Canada.
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0.53) (hlattllcws  1993) was a p p l i e d  whcll calculatillg  ]Ilass, e]lcrg,(tics,  etc.

3. T h e  D a t a

h’igur-c  2 is a map sllowillg  the CO J=3-2 spectral wl)icll  llavc bcm] smoothed to 0.54

kill S-l resolution. l’he (0,0) positio]l  is located toward 1,1531 N 1;. Alt}]ougll all spectra SI]OW

rwd-shifted line wings, it is apparent t}lat t}le lillc ~vings are broadest arid ]nost  sylnmetric

toward the (0,0) position, ilnplying  that this is the origill of al) olltflow.

l’igure  3 shows challllcl  maps of red- and blue-shifted elllissioIl ill 0.5 kIn s-l illtervals

cen te red  a t  4.5 to 1.0 kIn s–l ( a b o v e )  a~ld 10.0 to 15.5 k,}, s--] ( b e l o w ) .  (The v e l o c i t y

interval 5.0 through 9.5 km s ‘1 has been olnittcd  because of possible collfusior) from sclf-

absorptioll  as well as fron] the IRS5  outflow. ) The blue-shifted c]llissioll  lobe is centered

on 1,1551 N l;, a]ld extends westward. Red-shifted c]n ission appear-s to cxtmld both west and

cast of 1,1551 Nit. It is clear from this figure that the blue-shifted lobe is associated with

L1551NE,  but the red-shifted elrlission  is more confusillg.  A cwnparison  with the CO J=l-O

nlaps  from Moriarty -Schieven  &. Snell  ( 19S8) shows I1O emission at velocities blue-ward of 4

km s-l in the ncighbourhood  of 1,1551NE, but reveals that 1,1551 NI~ is just, within the edge

of a region  of bright red-shifted emission. Errlissicm from the 11M5 outflow is thus confusilg

the r-cd-shifted emission shown in Figure 3, but the peak witllill  1 () ’’-2o” of L] 551 NE suggests

that some of the red-shifted emission arises from an outflow associated with 1,1551NE.

Another feature visible in l’ig. 2 is narrow (M ] km s-1 width) self-absorption seen to-

ward most spectra, but which is most prorninellt  tc)wards  1,1,551 Nl; and north-west. This sclf-.

absorption is most likely clue to an extended envelope of cold gas surrou]lding  I,1551Nlt  and

is perhaps the signature of the cloud core fro)n  whicl] 1,1 55] NII} for]ncd.  If so this establishes

tile  velocity of I,1551N12  (after subtracting a 2-colnpolicnt  gaussiwl  lllodcl  of the cmlissioll  lillc

and  filldillg tllc ccvltroid  velocity of the absorption ft:aturc) as J)I,,ST~ == 6.9S + 0.05 kill s–l.
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(rl’lle  a]llbieIlt  velocity in t}]e vicinity of 11{S5 is l~*,,sJt  = 6.7 + 0.1 I(III s-’ (hloliartly-Sc}  lievcll

S.: S]lell  19S8), wl]icll is  a 2-30  diffcralcc.)

4. M a s s  a n d  E n e r g e t i c

WC call csti]natc  tllc lnass  of IIlolcculal gas i]liwlvccl  in th~, 1,15,71NE outflow, If we

assu]]le  I,TI1, theIl  the column density of CO can be writtell

4.7 x 10127:=
NC() ‘ —;: -r3i—

/
7Rdl~

where 7~z is the excitation temperature of CO, and f l~clv is the illtegratecl  iIiteIlsity over

solne  velocity interval. To calculate mass, we further assulnc  o])tlically thin enlissioll,  ilrf12 =

1 . 2 5  x 104Nc0, d=160pc,  and 7~r=25K  (thr ]nass  (stilnate  vari<s by less tllall  a factor of

two over a tcmpcraturw range of 15-401<).

)Ma~est,ilnates  are SIIOWII ill  Table 1. Also SIIOWI] are estilllates  for tllc  lnolllellturn  alld\

kinetic cllergy  of the lobes, su]~lrned o~er individual velocity illcrclnents  over the red- anti

t)luc:-shifted  lobes. Velocities have not been corrected for the il)c] illatioll  of the outflow from

the line-of-sight.

i~c call cstirnate  the dynalnical  age (~dV,, ) of tht: outflow fror,,  its cxte,it  arid the n~ax-

imum velocity seen.  From Fig. 2, each lobe appears to extelld w20” (0.016 pc) from the

cc]lter. ‘1’he maximum velocity seen in both the reel and blue wings  of the central position

(IJig. 1) is w +10 kln  s–l. This yie]ds  ~@n ~ 2000 yr, i]np]ying  a rncchanical  l uminos i ty  o f

the! outflow Ln,cc~ ~ o.051.@ ,
.

The c.orrcction  for outflow inclination, it lnust lx noted, lrla~ k large. If the inclination

angle  i is clcfl]lcd as the angle  bctweell  t h e  o u t f l o w axis alld  t]le line-of-sight, then the

lnolnentuln  and kinetic erlcrgy  must t)c corrected by ( Cosi)–l and (cosi)–2  respectively, while

the dynalnic.a]  age and lnechanical  lulrrillosity  go as cosi/siIli  alltl silli/(cosi)-3.
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5. Discussion

‘J’lle  blue-slliftml outflow lobe extmlds nearly eastward fro]]) 1,1551 Nl;, and though the

red-shifted lobe is sonlcwhat  confused  by emission floln the 11{S5 outflow, it too is oriellted

east-west and wc illfcr  that the rcd lobe  cxtellds  westward. ‘1’llc orient, atiou  of the L1551N1J

molecular outflow is thus ]learly  east-west, roughly pcrpelldicular  to tile protostcllar  envelope

as traced by tile 800p7-rt  dust continuuln  map of BarsoIly  k. Chandler (1993). The blue-shifted

outf low 10IM is coincident  with the optical/infrared reflectioll  Ilel)ula. (Draper et al. 19S5;

Ilodapp  1994), as onc  would expect from reflection of protostar  light ofl the walls of a cavity

hollowed out by an outflow. The blue lobe appears to exte]ld less tha.rl  30” in Fig. 3, but tile

rdlectioll  llebula extends  ~1’ from L] 551 N1<J. It is likely t]lal t}le outflow extends  at least

as far as t})c CJICI of the cavity delineated by tile  reflfctioll  IIebula, but, t}lc e]nissioli  lllust lx

weak. It is thus possible that we have missed a sigllificallt  fractioll of the blue-shifted gas,

pcrllaps  ulldcrcstilnatillg  tllc  lnass by a factor of as Inucll  as 2 (aI]cl  the dyllarllical  age by

a si]nilar factor). l’he red lobe  ]nay  also extend furtllcr  than we have nlapped, although we

are mom likely  to have overestilnatecl  the mass because of collfusio]l with the 1 ltS5 outflow.

‘1’he L] 551 N]; molecular outflow is slnallcr,  and has less kinetic energy a]ld molnentu]rl

(by a factor of N1O) t},al~ ally of the outflows listed by F’ukui  et al (1993). (It is unlikely

that tllcir survey would have detected it CVCII  if it }Iadn’t bcml so close to IRS5.  ) This is,

however, most likely due to its young dynamical age (N2000  -yr). q’he implied mechanical

luminosity (0.05 Lo) lies well within the rallgc listed by l(’uku.i  et al (1993), and indeed

its ratio of outflow mechanical luminosity to source bololnctric  lu]rrinosity  (I~~eCk/LbO/ =

0.05/6 == 0,00S) is nearly identical t: that of the IRS5 outflow (]@l,c~/],b.(  =’ 0.3/2S = 0.01

(Moriarty-Scllicvcll  & Sncll  198S; Ilutl~cr  et al 1991)).

Grallam  & IIcyer  (1990) have attributed two 1111 objects, located 5’ to 6’ to the north-

east, to 1,1551 Nl~. ‘1’]lough the full extent of the rml-shifted 101x: is uncertain, it is ulllikely



to uknd as far as the 1111 objects .

11’illally,  1,1 XINlt l)as bcm] suggested as the origin for t llc 1,1551 W’ flow (Nlor-iarty  -

Scllievml  & Wamlicr 1991; ])ound  &. Dally 1991), a Ilal row, tit:ll-{ollill]atc(l  rcd-slliftccl  outflow

10}x cxtellding  nlore than 20’ west of 1,1551NI; or 1 RS5 (1’igure 1). ~1’c IIOW sm, however,

that tile blue 101N cxtcllds  west fro]n  I,1551N11,  so that it can]lot  1.)c t}]e origil)  of t}le 1,1551117

outflow. It is iIltcrcstillg tlkcIl  to speculate on the OI igi?l of tl]e 1,1551 FJ’ outflow. Poulld &

Rally (] 99])  llavc speculated that the wcsterIl  extcllsioll  of tile  lolje is unrelated  to tile part

w}licll  overlaps tile  11/.S5 blue  lobe, alld  that,  the origin  may k a 100pm point sour-m IRAS

04278+  1758 (see l’igure 1). ‘1’hc remarkable colinea]  ity of the cast arlcl west  sectiwls of the

1,1551 W lobe, and the >3’ offset  of the source froll L the lobe,  argue agaillst  this scenario,

]Iowevcr.  Unless  t]lcrc  is soIne ve ry  llcavily  clnbeddcd,  as yet u]idctect,ed  Class  O source

creatillg tile  outflow, alld the relatively large dyna]t  lical age of tile  outflow (N6  x 10s yr)

argues against  this as well, the only relnainirlg  outflow source is 11{S,5 itself. TIIC L] 551 tt~

outflow lllay  rcprcsmlt  a previous outflow stage of 11{.S5, i .c. a “fossil” outflow as suggested

by Moriarty-Scllievell  & Wannicr  (1991 ).

GhJS  is supported by a Research Associatcship  funded  by the National I{escarch  Council

of Canacla.  IIMI1 gratefully acknowledges the support of tile  Carvlcgie  I1lstitution  of FVash-

ingtoll  as well as a grallt froln  the NASA Origins of Solar SysteIIls  ]Jrogra.rn (N AGW-4097).
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q’able 1. Mass and I;uergel,ics

—. —

Red  Lobe IIluc! I,otw ‘1’otal

hlass (Mo) 0.00!58 0.()()1 1 0.0069

hIoInaltuIrl (M. kIIl s--l) (),0~6 0.00’1 0.030

Killctic Ihlcrgy  (erg) 1.3 X1042 0.2 x 1012 1.5 x 1042

Mechanical IJulninosity  (1,~) 0.05
——————

.
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